The Rns protein of enterotoxigenic Escherichia coli (ETEC) and the VirF protein of Shigella flexneri are members of the AraC family of transcription regulators. Rns is required for positive activation of the CS1 fimbrial genes, while VirF is a positive regulator of an invasion gene regulon. The amino acid sequences of the proteins are 36% identical, and both proteins activate transcription in response to increases in temperature. Here, we show that Rns is capable of complementing fully a null mutation in the S. flexneri virF gene. However, the VirF protein cannot replace Rns as an activator of CS1 gene expression in ETEC. This failure is not due to the absence from ETEC of a co-factor required by VirF since it also occurs when the CS1 system is moved into an S. flexneri genetic background. Nor is it a function of growth medium composition or a failure in virF gene expression. Instead, these findings point to important differences in the mechanisms by which these related transcription factors regulate gene expression in Gram-negative pathogens. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Members of the AraC-like family of bacterial transcription factors share a high degree of amino acid sequence similarity and identity in their carboxy-terminal domains [1] . The family may be divided into two groups, one in£uencing transcription in response to a chemical signal, and another group that responds to a physical signal. The prototypic member of the family is AraC itself, an Escherichia coli transcription factor that regulates expression of the ara regulon in response to binding the carbohydrate arabinose [2] . This protein is the best characterized member of the family.
For those members that respond to a physical signal, the relevant stimulus is usually temperature, and the AraC-like proteins that respond to temperature are found frequently to regulate genes that help the bacterium adapt to environmental change. In many cases, these genes contribute to the virulence of pathogenic strains of bacteria. For example, the VirF protein of Shigella £exneri described in this report controls a regulon of genes on a high molec-ular mass plasmid that speci¢es an invasive phenotype. Transcription of these genes is activated by VirF in response to an increase in temperature to 37³C [3, 4] . The Rns protein plays a super¢cially similar role in enterotoxigenic E. coli (ETEC), activating transcription of genes that specify expression of CS1 and CS2 ¢mbriae in response to increased growth temperature [5] (Fig. 1) .
The mechanisms by which VirF and Rns activate transcription remain unknown, in contrast to the situation with AraC where a great deal of molecular detail is available. VirF and Rns make attractive subjects for study because, in addition to their common sensitivity to temperature, they share a high level of amino acid sequence identity. This identity occurs throughout the length of the proteins [6, 7] , in contrast to the general situation in the AraC family where relatedness is con¢ned to the carboxy-terminus of the molecules [1] . Both proteins act as activators of transcription at promoters that are subject to negative regulation by the nucleoid-associated protein H-NS [4, 8] . The DNA of the S. £exneri virF and ETEC rns genes is abnormally AT-rich (70% and 72%, respectively). This, and their amino acid sequence similarity, suggests that they have evolved from a common ancestor outside the Enterobacteriaceae [1, 9] . If so, they might be expected to have retained some functions in common and perhaps to have acquired some individual traits. There are differences in the detail of the interactions between VirF and Rns and their structural genes. Rns activates the coo genes of ETEC directly, whereas VirF of S. £exneri activates most of its subservient structural genes indirectly via the virB regulatory gene [3^6] (Fig. 1) . We anticipated that an investigation of their functional relatedness would aid in a structure-function analysis of these two regulatory proteins. Therefore, the ability of the VirF and Rns proteins to substitute for one another was tested genetically.
Materials and methods

Bacterial strains and plasmids
The bacterial strains used in this study are described in Table 1 . All strains used were derivatives of S. £exneri 2a, enterotoxigenic E. coli or E. coli K-12. Table 1 also describes the plasmids used, and summarizes their construction, where appropriate. Bacterial cultures were grown routinely in Luria (L) broth or on L agar plates (L broth containing 1.5% (w/v) agar) [10] . For the experiments on CS1 ¢mbrial gene expression, cultures were grown in CFA medium [11] . Where appropriate, antibiotic selection was with ampicillin (50 Wg ml 3I ), chloramphenicol (15 Wg ml 3I ), kanamycin (20 Wg ml 3I ), spectinomycin (50 Wg ml 3I ) or tetracycline (20 Wg ml 3I ).
Enzyme assays
Transcription of the mxiC-lacZ fusion was monitored by L-galactosidase assays [10] carried out on overnight cultures grown at either 30³C or 37³C. This reporter fusion is under the positive control of the product of the VirF-dependent gene, virB (Fig.  1 ). Assays were performed in duplicate, and the data were expressed as the mean of the two measurements. Standard deviations were usually less than 10%. Experiments were performed at least three times, and typical data are presented.
Protein preparation
Total cellular proteins were prepared from S. £ex-neri and E. coli by a small-scale boil/sonicate method [12] . Cells from 1 ml of culture were harvested by centrifugation and resuspended in 500 Wl of ice-cold Tris-HCl pH 7.4 by vortexing. The cells were harvested again and all the supernatant removed. The cells were then resuspended in 25 Wl of double distilled H P O by vortexing, 25 Wl of 2USDS gel-loading bu¡er (100 mM Tris-HCl pH 6.8, 4% (w/v) electrophoresis grade SDS, 0.2% (w/v) bromophenol blue, 20% (w/v) glycerol, 200 mM dithiothreitol) were added and vortexing continued for 20 s. The tubes were placed in a boiling water bath for 5 min. In order to shear chromosomal DNA, an MSE Soniprep 150 sonicator (Sanyo) was used to deliver three 2-s bursts of sonication at amplitude 5, with cooling for 30 s between pulses. The sample was then centrifuged at 4³C for 10 min to pellet the debris and the supernatant was transferred to a fresh tube.
Western blotting
Total cellular protein samples were separated by standard methods [12] and the Western blotting technique used was based on that of Towbin et al. [13] . For the immunological detection of CS1 ¢mbrial protein, the primary antibody was a polyclonal rabbit anti-CS1 antibody which detects the CooA ¢m-brial major antigen [14] .
Results
Complementation of a S. £exneri virF mutation
by the rns gene from ETEC Strain CJD1006 carries an insertional mutation in the virF gene (Table 1 ). This null mutation results in very low levels of expression of the mxiC-lacZ reporter gene fusion ( Table 2 ). The introduction of the pACYC184 derivative plasmid pMEP510, which encodes the VirF regulatory protein, complements the virF mutation; at 30³C, expression of mxiClacZ in the complemented mutant strain is more than 10-fold higher than that seen in wild-type strain BS184 and at 37³C expression of the fusion in the complemented strain is approximately equal to that in the wild-type (Table 2 ), in agreement with previously published data [15] . To test the e¡ect of the rns gene on mxiC-lacZ expression in the mutant and wild-type strains, the ETEC gene was introduced on two di¡erent plasmid vectors. Plasmid pSS2065 carries the rns gene within low copy number vector pCL1920 and has been used in previous studies [14] , while pMEP529 has the rns gene in the medium copy vector pACYC184 and was constructed specially for the present investigation (Table 1) . Each rns plasmid was able to complement the virF null mutation to an extent similar to the active copy of the virF gene cloned in plasmid pMEP510 ( Table 2 ). The vector plasmid pACYC184 had no e¡ect on mxiClacZ expression (Table 2) . In further control experiments, the e¡ects of the multicopy plasmids specifying Rns or VirF were tested in BS184, a strain harboring a wild-type copy of the virF gene on its virulence plasmid ( Table 1) . The results obtained were almost identical to those seen with these same multicopy virF and rns plasmids in the virF null mutant strain (Table 2 ). These results showed that in S. £exneri, the rns regulatory gene from enterotoxigenic E. coli could substitute for the normal virF regulatory gene in the activation of virulence gene expression.
Attempted complementation of a rns gene
de¢ciency by the virF gene from S. £exneri ETEC strain LMC10 is de¢cient in the plasmid that harbors the rns regulatory gene which is required for expression of CS1 ¢mbriae at temperatures above 22³C (Table 1) . To test the ability of the S. £exneri virF gene to substitute for the native rns gene, plasmid pMEP510 was introduced to strain LMC10 (Table 1 ) and the transformants tested for CS1 expression by Western blotting of total proteins (Fig. 2) . No restoration of CS1 expression was detected. In contrast, CS1 expression was restored following the introduction of pSS2065 (Fig. 2) , a plasmid that carries a wild-type copy of the rns gene ( Table 1 ). The failure of pMEP510 to complement the rns gene de¢ciency could not be explained by a lack of virF gene expression; activity of this gene was con¢rmed by Northern blot analysis (data not shown). Failure by VirF to activate CS1 expression was not con¢ned to ETEC strains, it also failed to activate CS1 expression in E. coli K-12 harboring a recombinant CS1 expression system (Fig. 3, lanes 14 ). As before, this was not due to a failure in virF gene expression (data not shown).
It was possible that the failure of VirF to replace Rns as an activator of CS1 expression might have been due to the production of a non-functional VirF protein in the CFA broth-grown cultures. To test this possibility, VirF and Rns were compared for their abilities to participate in the activation of the mxiC-lacZ fusion in S. £exneri cultures grown in CFA broth. It was found that VirF was fully active and could complement a virF null mutation ( Table  3) .
The data in Table 3 showed that VirF and Rns could both activate mxiC-lacZ expression in cultures grown in CFA broth, indicating that the VirF protein was not disabled in cells grown in this medium. In addition, satisfactory activation of CooA protein expression by Rns was achieved in L broth cultures (data not shown), showing that Rns was fully functional in both of the liquid media used in this study. This was despite previous experience that has shown that to obtain satisfactory expression of CS1 ¢m-briae, it is usually necessary to grow the culture in CFA medium rather than L broth (S.G.J. Smith and C.J. Smyth, in preparation).
VirF cannot activate CS1 expression in S. £exneri
The failure of VirF to activate CS1 expression in either ETEC or K-12 strains of E. coli might have been due to the absence from these strains of other factors normally found only in S. £exneri. To test this possibility, the CS1 expression system was moved into S. £exneri and the e¡ects of expressing the rns and virF genes in trans were assessed by Western blotting. It was discovered that while the rns gene activated CS1 expression in the S. £exneri background, the virF gene could not (Fig. 3) . Similar results were obtained with cultures grown in CFA and L broth. These data showed that while the rns gene encoded a product capable of activating CS1 expression in enterotoxigenic strains of E. coli and the virulence plasmid-located invasion genes in Table 3 Regulation of an mxiC-lacZ fusion by the rns and virF genes in cultures grown in CFA broth S. £exneri, the virF gene could only activate expression of its natural regulon in S. £exneri.
The Rns homologue CfaR (CfaD) also activates invasion gene expression in S. £exneri
The ETEC regulatory protein CfaR (also known as CfaD) is 95% identical in its amino acid sequence to Rns and the proteins have been shown to be interchangeable functionally [6, 16] . CfaR (CfaD) is a positive regulator of the ETEC genes encoding the CFA/I pilus [18] . Plasmid pIVB3-105 carries an active copy of the cfaR (cfaD) gene cloned in pA-CYC184 (Table 1) . When pIVB3-105 was introduced into S. £exneri strains BS184 (Table 1) or CJD1006 (virF null mutant, Table 1 ), it gave an e¡ect indistinguishable from that produced by the multicopy rns gene plasmids used in this study (data not shown). Thus, not only can CfaR and Rns substitute for one another in regulating ETEC ¢mbrial gene expression, they are also interchangeable in regulating the expression of a completely heterologous set of virulence genes in another species. The e¡ect of S. £ex-neri VirF on expression of the CFA/I ¢mbriae in ETEC was not tested; but given the failure of VirF to activate CS1 expression (something that CfaR (CfaD) can do e¤ciently) and that the level of similarity in amino acid sequence between VirF and CfaR is very similar to that between VirF and Rns [6, 7] , we would not expect the S. £exneri regulator to be able to in£uence cfa gene expression.
Discussion
In this study the Rns protein from ETEC was found to be capable of replacing the native VirF protein of S. £exneri in virulence gene activation. The CfaR protein (also described in the literature as CfaD), which is 95% identical to Rns, could also substitute successfully for VirF. Like the other two, this AraC-like protein activates gene expression in response to a thermal signal and its activity is antagonized by H-NS [18] . The ¢ndings described here in relation to replacement of VirF lend support to the theory that these proteins operate via a similar mechanism to activate transcription. However, the converse was not found to be the case, since VirF failed to activate coo gene expression. This failure occurred in ETEC, in E. coli K-12, and even when the coo genes were transferred into S. £exneri (a genetic background in which they could still be activated by their native regulator, Rns). This seems to rule out the possibility that VirF needs a co-factor for coo gene activation which only exists in E. coli (or in S. £exneri). There was no failure in VirF expression in any of the genetic backgrounds used.
The most likely explanation is that VirF and Rns interact with their target genes in di¡erent ways. This is likely to be true even in the case were both proteins activated the same gene expression system, the VirB-dependent mxiC-lacZ in S. £exneri. Here, Rns was found to be even more e¤cient than VirF in complementing the virF mutation; it could elevate mxiC-lacZ expression at 30³C to a level comparable to that achieved by VirF only at 37³C (Table 3 ). This showed that Rns and VirF activation di¡ered in detail even in a system in which each could play a strong, positive, regulatory role.
The complete failure of VirF to substitute for Rns suggests that substantial di¡erences may exist between the activation mechanisms used by these proteins. In the case of Rns, the mechanism is such that this protein is capable of more promiscuity than VirF in gene activation. No clues could be obtained from comparisons of the DNA sequences of the promoter regions of the target genes. Despite the absence of striking DNA sequence similarities, Rns clearly can activate the S. £exneri virulence gene cascade. To do this, presumably it is binding and altering the behavior of RNA polymerase at the virB promoter such that this gene becomes activated. Why can VirF not perform the corresponding function at the coo gene promoter? One possibility is that Rns may have simple requirements for becoming active which can be met in either system whereas the requirements of VirF may not be met by the coo genes. A potential signal for VirF protein activation could be a particular structure in DNA, which only forms in the S. £exneri gene promoters. Several studies have already shown the exquisite sensitivity of the virulence genes in this bacterium to variations in DNA topology. For example, changes in DNA supercoiling are critical for virB promoter activation, and one current model regards the thermal signal as promoting a productive interaction between VirF and RNA polymerase through a change in the superhelicity of the DNA [17, 19, 20] . It is conceivable that conversion of VirF into a productive complex could be triggered by a similar mechanism. More work must be done with the S. £exneri system to investigate this possibility.
